We study high-energy neutrino production in the inner jets of radio-loud active galactic nuclei (AGN), taking into account effects of external photon fields and the blazar sequence. We show that the resulting diffuse neutrino intensity is dominated by quasar-hosted blazars, in particular, flat spectrum radio quasars, and that PeV neutrino production due to photohadronic interactions with broadline radiation is unavoidable if the inner jets of blazars are cosmic-ray sources. The resulting neutrino spectrum has a cutoff feature around PeV energies since the main target photons are Lyα emission. Because of infrared photons provided by the dust torus, neutrino spectra above PeV energies are too hard to be consistent with the IceCube data unless the proton spectral index is steeper than 2.5, or the maximum proton energy is 100 PeV. Thus, although the cumulative background can be as high as E 2 ν Φν ∼ 10 −8 GeV cm −2 s −1 sr −1 for the cosmic-ray loading factor of ξcr ∼ 10-100, it is difficult to explain the IceCube signal in the inner jet model unless more complicated situations are invoked. Even so, interestingly, future detectors such as the Askaryan Radio Array can detect ∼ 0.1-1 EeV neutrinos. We find that the diffuse neutrino intensity from radio-loud AGN is dominated by blazars with γ-ray luminosity of 10 48 erg s −1 , and the arrival directions of ∼ 1-100 PeV neutrinos correlate with the luminous blazars detected by Fermi.
I. INTRODUCTION
The likely discovery of astrophysical high-energy neutrinos has recently been reported from data acquired with the Gton neutrino detector, IceCube. In 2012, two PeV shower events were reported from the combined IC-79/IC-86 data period, and a recent follow-up analysis of the same data enabled the IceCube Collaboration to find 26 additional events at lower energies [1] . Interestingly, for a E −2 ν spectrum, the observed diffuse neutrino intensity E 2 ν Φ νi = (1.2 ± 0.4) × 10 −8 GeV cm −2 s −1 sr −1 (per flavor) is consistent with the Waxman-Bahcall bound [2] , which provides a benchmark intensity for neutrino astrophysics. This intensity is much higher than the nucleussurvival bound for sources of high-energy heavy nuclei [3] . High-energy neutrinos give an unambiguous signal of high-energy cosmic-ray (CR) acceleration, and a few PeV neutrinos probe CRs whose energy per nucleon is ∼ 100 PeV above the knee. These results begin to open a new window on the high-energy astroparticle universe.
Various possibilities have been proposed to explain the IceCube signal (see, e.g., [4, 5] ). Galactic scenarios are being constrained by various CR experiments [6, 7] . Possible isotropic Galactic emission models have also been constrained by the diffuse γ-ray background measured by Fermi, as well as sub-PeV γ-ray searches [7] [8] [9] . Since there is no significant anisotropy toward the Galactic Center, extragalactic scenarios are the most natural (although a fraction of the neutrino events could come from Galactic sources). In any astrophysical scenario, highenergy neutrinos are produced by hadronuclear (e.g., pp) [9] or photohadronic (e.g., pγ) [10] interactions. In pp scenarios, as predicted before the IceCube discovery [11, 12] , an enhanced intensity of neutrino signals above the CR-induced atmospheric background intensity in the IceCube data can be explained by galaxy clusters and groups, and star-forming galaxies [9] . Galaxy clusters and groups host active galactic nuclei (AGN), galaxy mergers, and have accretion and intracluster shocks, and it is plausible that they are reservoirs of ∼ 100 PeV CRs. CRs with ∼ 100 PeV energies could also be produced in starburst galaxies with strong magnetic fields [9, 12] and/or by special accelerators, such as broadline Type Ibc supernovae [9, 12, 13] and interaction-powered supernovae [14] . On the other hand, pγ scenarios, which naturally include candidate source classes of ultrahigh-energy CRs (UHECRs), include AGN [15, 16] and γ-ray bursts (GRBs) [17] . For AGN, IceCube already put interesting constraints on original predictions of various models. For GRBs, although their neutrino production efficiency can still be consistent with the IceCube signal, stacking analyses by IceCube have give interesting limits on this possibility [4, 18] . Different GRB classes, such as lowluminosity GRBs [19, 20] , are possible, and they may give contributions larger than that from classical longduration and short-duration GRBs [21, 22] . AGN are powered by supermassive black holes, and ∼ 10% of them are accompanied by relativistic jets.
They are the most prominent extragalactic sources in γ rays. A significant fraction of the diffuse γ-ray background is attributed to blazars whose jets are pointing towards us. Imaging atmospheric Cerenkov telescopes and the recent Fermi Gamma-ray Space Telescope have discovered many BL Lac objects and flat spectrum radio quasars (FSRQs) (for a review, see [23] and references therein). Moreover, radio galaxies that are misaligned by large angles to the jet axis and thought to be the parent population of blazars in the geometrical unification scenario [24] , are also an important class of γ-ray sources. Te blazar class has been investigated over many years as sources of UHECRs and neutrinos [16, [25] [26] [27] .
The spectral energy distribution (SED) of blazar jets is usually modeled by nonthermal synchrotron and inverseCompton radiation from relativistic leptons, although hadronic emissions may also contribute to the γ-ray spectra (see, e.g., [28] ). It has been suggested that the SEDs of blazars evolve with luminosity, as described by the so-called blazar sequence (e.g., [29] [30] [31] [32] [33] ). The blazar sequence has recently been exploited to systematically evaluate contributions of BL Lac objects and quasar-hosted blazars (QHBs) (including steep spectrum radio quasars as well as FSRQs) to the diffuse γ-ray background [34] [35] [36] . Besides the jet component, typical quasars-including QHBs-show broad optical and ultraviolet (UV) emission lines that originate from the broadline regions (BLRs) found near supermassive black holes. The BLR also plays a role in scattering radiation emitted by the accretion disk that feeds matter onto the black hole. In addition, the pc-scale dust torus surrounding the galactic nucleus is a source of infrared (IR) radiation that provides target photons for very high-energy CRs.
In this work, we study high-energy neutrino production in the inner jets of radio-loud AGN, and examine the effects of external photon fields on neutrino production in blazars. We use the blazar sequence to derive the diffuse neutrino intensity from the inner jets. We show that the cumulative neutrino background, if from radio-loud AGN, is dominated by the most luminous QHBs. This implies a cross correlation between astrophysical neutrinos with ∼ 1-100 PeV energies and bright, luminous FSRQs found by Fermi.
In previous works on the diffuse neutrino intensity [15, 16] , only the jet and accretion-disk components were considered as target photons, but here we show that pγ interactions with broadline photons and IR dust emission are important when calculating the cumulative neutrino background. Our study is useful to see if radio-loud AGN can explain the IceCube signal or not. We show that the simple inner jet model has difficulty in explaining the IceCube data even when the external radiation fields are taken into account. Even so, interestingly, we find that the expected neutrino signal in the 0.1-1 EeV range provides promising targets for future projects suitable for higher-energy neutrinos, such as the Askaryan Radio Array (ARA) [37] , the Antarctic Ross Ice-Shelf ANtenna Neutrino Array (ARIANNA) [38] , the Antarctic Impulsive Transient Antenna (ANITA) ultrahigh-energy neutrino detector [39] , and the ExaVolt Antenna (EVA) mission [40] .
Throughout this work, Q x = Q/10 x in cgs units. We take Hubble constant H 0 = 70 km s −1 Mpc −1 , and let the dimensionless density paramters for mass and cosmological constant be given by Ω Λ = 0.7 and Ω m = 0.3, respectively.
II. BLAZAR EMISSION
In general, the observed blazar SED consists of several spectral components produced in different regions (for reviews, see, e.g., [23, 28] ). We consider four components that can be relevant as target photons for pγ interactions. First, broadband nonthermal synchrotron and synchrotron self-Compton (SSC) emission originates from the dissipation region dissipation in the jet. Second, there are accretion-disk photons that enter the jet directly or after being scattered by electrons in the surrounding gas and dust. Provided that the jet location is 10
16 cm and the Thomson-scattering optical depth is 0.01, the direct accretion-disk component can be neglected [41] . The third component is the broad AGN atomic line radiation; this emission component is especially relevant for PeV neutrino production in QHBs. Fourth, there is IR emission from the dust torus. A schematic diagram is shown in Fig. 1 and the SEDs of blazars are shown in Fig. 2 as a function of the radio luminosity at 5 GHz (L 5GHz ). Note that we regard the SEDs as functions of L 5GHz (see Table 1 ), and that the radio luminosity itself is irrelevant for our calculations since CRs do not interact with such low-energy photons. There is uncertainty in modeling those four components but our systematic approach is reasonable for the purpose of obtaining neutrino spectra. 
FIG. 2: Continuum blazar SED emission components considered in this work. The sold, dotted, and dashed curves represent the nonthermal continuum jet radiation, the accretiondisk radiation, and the IR radiation from the dust torus, respectively. From top to bottom, the radio luminosity at 5 GHz is given by log(L5GHz) =47, 46, 45, 44, 43, 42 , and 41, in units of erg s −1 .
A. Nonthermal emission from the inner jet
Multiwavelength radio through γ-ray observations have indicated several interesting features in blazar SEDs, the most prominent of which is a doublehumped structure. The SEDs of high synchrotronpeaked (HSP) [42] BL Lac objects and radio galaxies are usually well fit with the SSC model consisting of synchrotron and SSC components that account for the low-and high-energy humps, respectively. In contrast, the SEDs of LSP BL Lac objects and FSRQs are generally well fit with the external inverse-Compton model, which requires Compton scattering components associated with external radiation fields, in addition to the synchrotron and SSC components. The synchrotron and Compton peak energies decrease with increasing bolometric luminosity, and this behavior is termed the blazar sequence [29] [30] [31] . Although the validity of the blazar sequence is still under debate due to possible selection biases [43] , the phenomenological SED-luminosity correlations provide a method to characterize the broad range of blazar SEDs from the least to most luminous.
We define the apparent bolometric radiation luminosity of the jet, integrated over all frequencies, as L rad . The γ-ray luminosity integrated above 100 MeV is denoted by L γ . Note that only a fraction of the kinetic and magnetic luminosity is dissipated into radiation, and the ratio of the total radiation luminosity, L rad , to the sum of proton, electron and magnetic-field luminosity is typically assumed to be ∼ 0.1 [32, 44] . For an on-axis observer who measures the radiation from a spherical blob moving with the Lorentz factor Γ, the absolute radiation power is ∼ L rad /Γ 2 (for details, see, e.g., [26] ). In the blob formulation, the comoving size of the blob is l b ≈ Γcδt ′ , assuming that the Doppler factor ≈ Γ. Here δt ′ is the variability time in the black-hole frame, and the typical dissipation radius is estimated to be r b ≈ Γl b . Then the energy density of target photons in the comoving frame is
which is consistent with the result of the wind formulation L rad /(4πr 2 b Γ 2 c) except for a factor of order unity. The comoving photon spectrum is given by
where ε is the comoving photon energy and P ε is the comoving luminosity differential in photon energy. Also,
εP ε is the photon energy and luminosity in the black-hole frame. Note that primes are used for quantities in the rest frame of the black hole, while unprimed quantities are defined in the observer frame or the fluid comoving frame. For example, E ′ is the energy in the black-hole rest frame, E is the energy in the observer frame, and ε is the energy in the comoving frame.
B. Emission from the accretion disk
In standard accretion-disk theory [45] , emission from the accretion disk consists of multicolor blackbody radiation and an X-ray component from hot plasma surrounding the black hole that Comptonizes the UV accretiondisk radiation. The big blue bump in the UV range is attributed to this multicolor blackbody component, although this bump is generally not observed in the SEDs of BL Lac objects, either because it is very weak, or hidden by the strong beamed nonthermal continuum radiation (e.g., [43, 46] ). When the accretion disk is radiatively inefficient, which is more plausible for low-luminosity AGN, including BL Lac objects, other mechanisms such as bremsstrahlung and synchrotron radiation are relevant.
In this work, we phenomenologically relate the bolometric radiation luminosity of the jet (L rad ) to the 2-10 keV X-ray disk luminosity (L X ) using the γ-ray luminosity function [34, 35] , and adopt log(L rad /L X ) = 4.21 [36] . Then the 2-10 keV X-ray disk luminosity is connected to the bolometric accretion-disk luminosity (L AD ) using the results of Lusso et al. [47] . The accretion-disk SEDs are taken from Elvis et al. [48] . We only consider energies above ∼ 1 eV for the accretion-disk radiation, because the accretion disk has a hard spectrum with E ′ L E ′ ∝ E ′ 4/3 below the peak energy [45] , so the number of disk photons decreases with decreasing energy. Consequently the IR emission from the dust torus becomes the dominant radiation field below 1 eV.
Following Refs. [25] and [26] , we make the assumption that the radiation field is locally isotropic. This assumption becomes poor if the dissipation radius r b is small and the radiation energy density is dominated by anisotropically distributed photons impinging from behind. Provided that the emission region is located inside the BLR where radiation from the accretion disk is reprocessed, but 10 16 cm, as previously noted, this assumption gives a reasonably good approximation. In this case, the Thomson scattering optical depth of the BLR is given by τ sc ≈n e σ T r BLR ≃ 0.021n e,4.5 r BLR,18 ,
wheren e is the electron density in the BLR [49] and r BLR is the BLR radius (see the next subsection). Throughout this paper, we take τ sc = 0.01, following previous work [50, 51] . Although τ sc is uncertain, as long as
1L AD (where L BL is the broadline luminosity), our results are not sensitive to this assumption since broadline and dust torus emission is more relevant for neutrino production than scattered accretion-disk radiation.
The energy density of scattered photons in the jet comoving frame is given by
and the comoving photon spectrum by
where ε ≈ ΓE ′ is used instead of ε ≈ E ′ /Γ, since external photon fields are isotropic in the black-hole rest frame.
C. Broadline emission from gas clouds
Broadline emission originates in numerous small, cold, and dense gas concentrations, which are photoionized by the UV and X-rays emitted from the accretion disk and hot plasma. The key point of this work is to include effects of interactions between CRs and broadline radiation [25, 26] .
The typical BLR radius is estimated to be [32] 
The BLR luminosity is related to the accretion-disk luminosity through the expression
where f cov is the covering factor [52] . In this work, we take f cov = 0.1 [32, 52] . The broadline emission consists of atomic lines and continua, with the continuum radiation accounting for a small fraction of the total broadline emission. For simplicity, neglecting continua due to freebound emission, we consider two atomic lines, namely H I and He II Lyα emission, and we use the above relation for the H I Lyα luminosity, which is the most important line [53] . We also take L BL /L AD = 0.5f cov for the He II Lyα luminosity [54] , but even with this large line luminosity, the results are only weakly affected due to the small number of He II Lyα photons. The energy density of broadline emission in the jet comoving frame is
The target photon spectrum in the comoving frame is
where ∆ε is the line width and ε BL ≈ ΓE 
D. Infrared emission from the dust torus
We also consider emission from a dust torus, seen in AGN SEDs as an IR feature, which is essentially reprocessed accretion-disk radiation. The typical radius of the dust torus is
[32, [55] [56] [57] , and the IR luminosity is estimated to be
The energy density of IR photons in the comoving jet frame is given by
The target photon spectrum in the comoving frame is given, as in the case of the scattered accretion-disk component, Eq. (5). The typical temperature of the dust torus is T IR ∼ 100-1000 K, and its spectrum is broader than a blackbody spectrum [56, 58] . Here we approximate the IR radiation by a graybody spectrum with T IR = 500 K, and with energy density given by Eqs. (11) and (12) .
Figs. 3 and 4 illustrate the model target photon spectrum in the comoving frame. Separate components that contribute to the comoving photon spectrum are shown in Fig. 3 for L 5GHz = 10 45 erg s −1 . The total comoving photon spectrum is shown as a function of L 5GHz in Fig. 4 . Note the disappearance of broad lines with decreasing luminosity. One sees a bump in the case of L 5GHz = 10 43 erg s −1 , noting that IR emission from the dust torus can be relevant when r b < r DT . log(εn
FIG. 4: Target photon density in the comoving frame of the blob. Here we assume that Γ = 10 and δt ′ = 10 5 s. The broadline emission is plotted with ∆ log ε = 0.1, but its detailed shape does not affect calculations of neutrino spectra. Legend gives the 5 GHz radio luminosity L5GHz in units of erg s −1 .
III. NEUTRINO PRODUCTION
In this work, we calculate neutrino spectra following the technique described by Murase [59] . Details on the method of calculation are presented in the Appendix. We use numerical descriptions of the target photon fields as described in the previous sections. Whereas numerical results are presented in the figures, analytical estimates are used in the text to provide a brief check and explanation of the numerical results. Throughout the paper, we assume Γ = 10 and δt ′ = 10 5 s. We do not perform parameter surveys because the numerical calculations are time consuming. Our study is nevertheless sufficient to reveal the effects of external photon fields on neutrino production, and to derive the diffuse neutrino background using the blazar sequence. 
A. Acceleration and cooling of cosmic rays in the blob
We assume that the CR spectrum is a power-law proton spectrum with spectral index s. The comoving CR luminosity per logarithmic CR proton energy is given by
where
for s > 2,
for s = 2, ε m p is the minimum proton energy, and ε M p is the maximum proton energy. Compared with the blob formulation for blazars, note that for GRB blast waves, the isotropic luminosity in the wind comoving frame is ≈ L cr /Γ 2 [60] . As in GRBs, we introduce the CR (or nonthermal baryon) loading factor by [60] 
As seen below, we need (depending on s) ξ cr ∼ 3-100 to achieve the CR energy budget of ∼ 10 44 erg Mpc
at 10 19 eV, which is required for the sources of UHECRs (see [23] and references therein). If the radiative efficiency is similar in GRBs and blazars, it is natural to assume that the same CR acceleration mechanism leads to similar values of ξ cr . However, modeling of the blazar emission suggests that the radiative efficiency may be lower at higher luminosities [32, 44] , implying that ξ cr weakly increases as L rad . Throughout this work, we consider the simplest assumption that ξ cr is independent of L rad , and similarly for GRBs.
The maximum energy of accelerated CRs is estimated by comparing the acceleration time (t acc ) with the cooling time (t c ) and dynamical time (t dyn ≈ l b /c) in the acceleration zone. In QHBs, the photomeson process is usually the most important proton cooling process, and its energy-loss time scale (in the comoving frame of the jet) is given by [17] 
whereε is the photon energy in the rest frame of proton, γ p is the proton Lorentz factor in the comoving frame, κ p is the proton inelasticity, andε th = 145 MeV is the threshold photon energy for photomeson production. Numerical results of t The acceleration and synchrotron cooling time scales depend on the magnetic field strength. In this work, we assume that the leptonic scenario accounts for the origin of blazar γ-ray emission. The leptonic scenario is more widely accepted and furthermore allows lower jet powers and generally weaker magnetic fields than hadronic models. The Compton dominance
is expressed as the ratio of the luminosity L C rad of the γ-ray hump, assumed to result from Compton scattering, to the synchrotron luminosity L s rad . Here U syn is the energy density of synchrotron photons and U ext = U AD + U BL + U IR is the energy density of external radiation fields, where U B = B 2 /8π is the magnetic field energy density. This approximation becomes poorer when Klein-Nishina effects are relevant, as for HSP BL Lac objects, but is accurate for QHBs, giving a good estimate on magnetic fields in the jet comoving frame. The magneticfield strength is found to lie in the range of B ∼ 0.5-5 G for QHBs and B ∼ 0.1-1 G for BL Lac objects, respectively, which are consistent with detailed modeling results for the leptonic scenario (e.g., [27, 32, 53] ). Even for stronger magnetic fields, our conclusions regarding PeV neutrinos remain essentially unchanged, although higherenergy neutrinos can then be more readily produced. The CR acceleration mechanism in the inner jets of blazars is very uncertain, and not only the shock acceleration mechanism but also stochastic acceleration, shear acceleration, and magnetic reconnection may operate. Thus, for simplicity, we characterize the acceleration time by t acc = ηε p /(eBc), with η = 1. Although η = 10 may be more reasonable (e.g., [61] ), our results on PeV neutrinos are not affected unless η 10 4 , as can be seen from Figs. 5 and 6.
Figs. 5 and 6 show that photohadronic cooling counteracts acceleration to limit the maximum CR proton energy in QHBs. Acceleration of protons to ultrahigh energies through Fermi processes is difficult not only because of photomeson production processes, but also due to the Bethe-Heitler electron-positron pair production process resulting from interactions between protons and synchrotron photons. This process can be relevant for ε p ∼ 10 7 -10 9 GeV in powerful blazars. For ε p ∼ 10 6 -10 7 GeV, the dominant energy loss process is instead due to photomeson production in CR interactions with broadline photons. The broadline emission is a relevant target photon source as long as r b < r BLRprovided that the BLR exists-which is only guaranteed for high-power AGN such as QHBs. As can be seen from Fig. 4 , the BLR contribution disappears for L 5GHz 10 44 erg s −1 , or L rad 10 48 erg s −1 . In Fig. 7 , with L rad = 10 46.56 erg s −1 , broadline emission is not important, and acceleration to high energies is instead limited by the dynamical time. Acceleration to higher energies than in the previous cases for QHBs, although ε p 10 10 GeV is not achieved, may be allowed because internal synchrotron photons do not hinder acceleration. At ε p ∼ 10 6 -10 9 GeV, the external IR emission plays the central role as a target photon source for photomeson production and Bethe-Heitler processes, provided that particle acceleration takes place in IR radiation fields from the dust torus, namely for r b < r DT . Fig. 8 , with L rad = 10 45.8 erg s −1 , shows that for lowluminosity AGN, which include HSP BL Lac objects, external radiation fields are negligible and photomeson production is not efficient. This would suggest that acceleration to very high energies is possible, but luminosity limits on Fermi acceleration restrict proton acceleration to the highest energies. The available time to accelerate, as reflected in the dynamical time, likewise limits acceleration to ε p 10 9.3 GeV. These results are consistent with the results of Murase et al. [27] when one takes into account the different time scales used. They find, on the basis of the Hillas condition with parameters from SSC models, that only nuclei are capable of being accelerated to E ′ p
10
20 eV, although a more luminous case considered here leads to a bit stronger magnetic field.
The maximum CR proton energies for blazars with different L rad are summarized in Table 2 . Even with η = 1, in the leptonic scenario, the highest-energy CR protons with E ′ M p 10 20 eV energies cannot be from blazars. Alternately, the blazar origin of UHECRs requires a transition from protons to heavy nuclei at particle energies of E ′ M p ≈ 10 19 -10 20 eV, irrespective of whether they originate from high-luminosity QHBs, or intermediate or lowluminosity BL Lac objects.
B. Neutrinos from the blazar zone
As sketched in Fig. 1 , we divide the neutrino production calculation into two parts, namely the Blazar Zone and the BLR/Dust Torus. The blazar zone refers to the region where internal synchrotron and inverse-Compton photons are generated by nonthermal electrons, and CRs interact with both internal and external radiation fields. Internal nonthermal emission produced in the jet is re- ferred to as the jet component. We consider the jet component first. When the spectrum of internal synchrotron photons is approximated by a power-law, the photomeson production efficiency is estimated using the rectangular approximation to the photohadronic cross section to be 
where β l ∼ 1.5 and β h ∼ 2.5 are the low-energy and highenergy photon indices, respectively. Note that contribu- tions from various resonances and multipion production become crucial for hard photon indices of β 1. The neutrino energy corresponding to E
which is higher than 1 PeV and the Glashow resonance energy at 6.3 PeV (for electron antineutrinos). Noting that E ′ s is lower for more luminous blazars, we conclude that the jet component typically leads to production of very high-energy, ≫ 1 PeV neutrinos.
For f pγ < 1 (which is typically valid for PeV neutrino production in the blazar zone), the neutrino spectrum is approximated by
This expression roughly agrees with numerical results on the jet component, as clearly seen in Figs. 9 and 10 for L 5GHz = 10 41 erg s −1 and L 5GHz = 10 42 erg s −1 . We also plot, with dotted curves, the differential neutrino luminosities for the jet component based on blazar parameters given in Table I .
For low-luminosity BL Lac objects, which typically have high synchrotron peak frequencies [42] , only the jet component is relevant. For intermediate luminosity BL Lac objects and QHBs, however, external radiation fields become important for PeV-EeV neutrino production. As we have seen, even in the blazar zone, the most important contribution to PeV neutrino emission comes from photohadronic interactions with BLR photons. Using the effective cross section σ eff pγ ≈ κ ∆ σ ∆ (∆ε ∆ /ε ∆ ), the photomeson production efficiency in the blob is estimated to be
provided r b < r BLR . Heren BL ≃ 1.6 × 10 9 cm −3 f cov,−1 is the number of broadline photons in the black-hole rest frame, and we take E ′ BL ≈ 10.2 eV as the typical energy of broadline emission. Thanks to various resonances and multipion production, the above expression is valid even at energies above E
Note that unless CRs lose energy through adiabatic losses as the blob expands, they should undergo further pγ interactions as long as they remain in the BLR or dust-torus region (see the next subsection). The corresponding neutrino energy is
With these approximations, the neutrino spectrum is given by (25) and roughly describes the numerical neutrino spectra of luminous QHBs in the PeV range, as plotted in Figs. 9 and 10. The dependence
ν is suggested from the decay kinematics of charged pions [62] . In addition to PeV neutrino production, ∼ 0.1-1 EeV neutrinos are produced via interactions between CR protons and IR Differential luminosity spectra of neutrinos produced in the blazar zone (dotted) and in the BLR and dust torus (solid). The muon neutrino spectrum is calculated for s = 2.3 and ξcr = 100, with neutrino mixing taken into account. From top to bottom, the curves refer to blazar sequence parameters given in Table I (see also Fig. 2) , with the top curve corresponding to L5GHz = 10 47 erg s −1 . Only five curves are shown for the BLR/Dust Torus because blazars with the lowest luminosities lack interactions with BLR and dust emission. photons from the dust torus. Using the typical photon energy 2.82kT IR , the characteristic neutrino energy is roughly estimated to be
The relative importance of the jet component compared to the BLR and dust components depends on Γ and δt ′ . While internal synchrotron photons plays a major role for EeV neutrino production as long as Γ and/or δt ′ are small enough, BLR photons are typically the most important for PeV neutrino emission. Note that electron antineutrinos are produced as a result of neutron decay. The typical neutrino energy is ∼ 0.48 MeV in the neutron rest frame, which is much lower than the neutron mass energy scale. Their energy flux is expected to be lower than the energy flux of neutrinos from pion decay especially for QHBs.
C. Neutrinos from the BLR and dust torus
If high-energy CRs including UHECRs come from blazars, then the CRs have to be able to escape from the sources. The CRs from the acceleration region unavoidably interact with external radiation fields while they propagate in the BLR and dust torus [26] . In this paper, we consider power-law CR spectra (cf. [53] ), and use a CR escape fraction f esc = (1 − min[1, t dyn /t c ]) (recall that t c is the cooling time scale). Although this is an optimistic scenario of escape, it can be realized if the CRs reach the BLR without additional significant losses, including adiabatic cooling. Such a scenario is also invoked in models explaining PeV neutrinos and/or TeV γ rays by photohadronic interactions in intergalactic space [27, 63, 64] . Other possible features of such a system, e.g., neutron production and escape, or direct or diffusive escape of CR protons within t dyn , may generate spectra of escaping CRs that are too hard to accurately represent the measured high-energy CR spectrum [25, 26] , or to explain the IceCube data, but specific properties of this system depend on blob dynamics, magnetic field properties, and the presence of other acceleration processes that require further studies.
The photomeson production efficiency in the BLR for CR protons above the threshold for interacting with BLR photons is estimated to be
AD,46.5 . (27) The important fact is that this does not depend on Γ and δt ′ as long as the acceleration region is located inside the BLR. For luminous QHBs, PeV neutrino production is unavoidable for CRs propagating in the BLR.
Based on Ref. [26] , the photomeson production efficiency for CR protons propagating in IR radiation fields supplied by the dust torus is estimated to be
where the dependence on L AD is similar to Eq. (27) . The pγ optical depth of the BLR and dust torus is shown in Figs. 11 and 12 . Again, we note that the resulting curves are meaningful only when r b < r BLR or r b < r DT . The broadline component is important for QHBs, and the photomeson production efficiency is ∼ 0.1-1 for L 5GHz ∼ 10 45 -10 47 erg s −1 . For such luminous blazars, the dust component can deplete UHECR protons and neutrons. This leads to an important consequence about the possibility of radio-loud AGN as UHECR sources. When the maximum energy of CRs leaving the source E ′ max p is defined as the critical energy at which the effective optical depth is unity, one sees E ′ max p ≪ E ′ M p for luminous QHBs (see Figs. 9, 10 and 12). Hence, even if luminous QHBs can be powerful CR accelerators, they are difficult to be the sources of UHECRs, and this is even the case for heavy nuclei since they are disintegrated. Note that, while the photomeson production becomes important at E ′ p
10
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FIG. 11: Effective optical depth to the photohadronic process (thick) and Bethe-Heitler pair production process (thin) for CR protons propagating in the BLR.
results on PeV neutrinos are not much affected by IR photons from the dust torus. For photohadronic interactions with broadline and IR emission, assuming f pγ < 1, the neutrino spectrum is roughly expressed by
which roughly agrees with the numerical spectra shown in Figs. 9 and 10, in the PeV range. Note that IR photons from the dust torus lead to efficient production of E ′ ν ∼ 0.1-1 EeV neutrinos. This feature can be more clearly seen for s = 2.0 in Fig. 10 . Thus, we conclude that, except for luminous QHBs in which the highestenergy protons are depleted due to the severe photohadronic cooling, neutrino spectra should be quite hard above PeV energies because of the IR emission from the dust torus even if internal synchrotron photons do not play a role.
Finally, for comparison, we discuss photohadronic interactions in intergalactic space. Sufficiently high-energy CRs escaping from the source can interact with the cosmic microwave background (CMB) and extragalactic background light (EBL). For the production of PeV neutrinos, interactions of CRs with the EBL in the UV range are relevant, and the photomeson production efficiency can similarly estimated to be
wheren EBL ∼ 10 −4 cm −3 is the number of EBL photons [65] and d is the particle travel distance. Thus, neutrino production in the BLR and dust torus is more efficient than in intergalactic space provided CRs are accelerated inside the BLR and dust torus. log(τ)
FIG. 12: Same as Fig. 11 for CR protons propagating in the dust torus.
IV. DIFFUSE INTENSITY
The diffuse neutrino intensity from extragalactic astrophysical sources is formally evaluated through the expression
(see, e.g., [59] ), where dρ/dL γ is the γ-ray luminosity function of the sources (per comoving volume per luminosity) and z max is the maximum value of the redshift z for a given source class.
A. γ-ray luminosity function of blazars
In this work, we adopt the γ-ray luminosity function derived from the blazar sequence [34] [35] [36] . Recently, the model was updated based on the Fermi data, including anisotropy constraints on the diffuse γ-ray background [36] . This model is also consistent with the diffuse γ-ray background intensity measured by Fermi. Also, the γ-ray luminosity function used here is consistent with results obtained from the Fermi sample of blazars [66] .
Based on the X-ray luminosity function, the γ-ray luminosity function is parameterized as
and k = 0.98 × 10 −6 is adopted [36] . Following Ueda et al. [67] , the X-ray luminosity function is expressed as [36] . Note that we use the lowluminosity slope of γ 1 < 1, which is also consistent with not only Ueda et al. [67] but also recent results based on the Fermi data. The redshift evolution factor is
where z * c = 1.9, L a = 10 44.6 erg s −1 and α = 0.335.
Thus, in terms of the energy budget, the most important contributions come from AGN with L X ∼ 10 44 -10 45 erg s −1 , which roughly corresponds to QHBs with L γ ∼ 10 48 -10 49 erg s −1 . This feature is also consistent with previous works [34, 36] .
B. Cumulative neutrino background
Analytically, the diffuse neutrino intensity is estimated to be [2, 27] 
where f z is a factor that accounts for the redshift evolution of the sources. Note that QHBs evolve more strongly than BL Lac objects, with f z ∝ (1 + z) 4.23 . Since QHBs strongly evolve up to z ∼ 2, f z is larger than ∼ 3 that is expected for the star-formation history, although the redshift evolution of BL Lac objects is much weaker [36, 66] . As noted in the previous section, PeV neutrinos are mainly produced within the BLR by QHBs, which typically have luminosities of L X 10 43.5 erg s −1 . Also, ∼ 0.1-1 EeV neutrinos from IR photons are efficiently produced in luminous QHBs. Recalling from Eqs. (27) and (28) that f pγ ∝ L 1/2 AD for photohadronic interactions with both of the broadline and IR radiation fields, we approximately expect that
Thus, most of the contributions to the diffuse neutrino intensity come from QHBs with L X 10 44 -10 45 erg s −1 . One expects that
Cumulative neutrino background from radio-loud AGN in the blazar sequence model. The CR spectral index s = 2.3, and the CR loading factor ξcr = 100 (thick) and 500 (thin). The atmospheric muon neutrino background is also shown (dot-dashed).
this conclusion holds even if we make hypothetically assume broadline and IR emission for less luminous BL Lac objects. As shown below, even ∼ 0.1 EeV neutrinos are dominated by luminous QHBs.
In our model, note that the local CR energy budget (integrated over CR energies) is estimated to be Q cr ∼ 4 × 10 44 ξ cr erg Mpc , we obtain ξ cr ∼ 3 and ξ cr ∼ 100 for s = 2.0 and s = 2.3, respectively. Although such values are smaller than those required to support the hypothesis that UHECRs originate from GRBs [19, 60] , larger CR loading factors are needed to achieve the intensity level of the IceCube signal.
Blazars with L rad ∼ 10 48.5 erg s −1 have the X-ray luminosity of L X ∼ 10 44.5 erg s −1 . The corresponding number density at z = 0 is ρ ∼ a few × 10 −12 Mpc −3 . Using these parameters as typical values, the diffuse neutrino intensity can be estimated to be
Figs. 13 and 14 show results of our numerical calculations compared with the atmospheric muon neutrino background [68] . As expected, with ξ cr ∼ 10-100, it is possible to have E 2 ν Φ ν ∼ 10 −8 GeV cm −2 s −1 sr −1 at PeV energies. We find that the inner jet model may account for a couple of PeV neutrino events found by IceCube. However, there are two difficulties. First, this model cannot explain sub-PeV neutrino events. This is because broadline emission leads to a low-energy cutoff in neutrino spectra around PeV. Also, both accretiondisk and internal synchrotron emission components have soft spectra in the relevant UV and soft X-ray energy range, so the neutrino spectra are generally quite hard at sub-PeV energies, which appears to be incompatible with observations. Thus, for radio-loud AGN to explain the excess IceCube neutrino signal, a two-component scenario is needed, as discussed in several works [69, 70] . In our case, sub-PeV neutrino events could be attributed to an atmospheric prompt neutrino background that is higher than the prediction by Enberg et al. [71] or, alternately, different classes of astrophysical sources such as star-forming galaxies and galaxy clusters. It may be premature to study such possibilities, however, because the statistics are not yet sufficient to discriminate between competing scenarios.
The second issue is that the calculated neutrino spectra are quite hard above PeV energies. CR spectral indices of s ≈ 2.0 are inconsistent with the IceCube data, as many more higher-energy neutrino events would be predicted, given the Glashow resonance at 6.3 PeV and the increasing neutrino-nucleon cross section. To avoid this problem, one sees from Figs. 13 and 14 that steep CR spectra with s 2.5, or maximum energies of E ′ max p 100 PeV, are needed. Another possible option is to consider more complicated CR spectra, such as a log-parabola function [69] . Note that if a simple powerlaw CR spectrum is assumed from low energies to high energies (as expected in the conventional shock acceleration theory), steep spectral indices unavoidably lead to excessively large CR energy budgets, whereas more complicated curving or broken-power law CR spectra could explain the IceCube data and relax source energetics.
While the inner jet model with a power-law CR proton spectrum faces two difficulties to consistently explain the IceCube neutrino signal, it does suggest that radio-loud AGN are promising sources of 0.1-1 EeV neutrinos (see Figs. 13-16 ). In particular, for ξ cr = 3 and s = 2.0 or ξ cr = 100 and s = 2.3, the CR energy generation rate 10
19 eV is comparable to the UHECR energy budget at that energy, which is intriguing, even though the Ice- Cube signal is unexplained by the inner jet model. For reasonably hard power-law spectra with s 2.3, highenergy neutrino emission is expected mainly in the PeVEeV range. Our results are very encouraging for nextgeneration neutrino detectors such as ARA, ANITA-III and ARIANNA, whose targets are 0.1-1 EeV neutrinos rather than PeV neutrinos. If such very high-energy neutrinos are detected, discrimination from cosmogenic neutrinos will become relevant. As explained below, however, source neutrinos from radio-loud AGN should be strongly correlated with bright FSRQs detected by Fermi.
Figs. 15 and 16 show the diffuse neutrino intensity for different values of the γ-ray luminosity threshold L th γ . Most of the contributions to the cumulative neutrino background for either s = 2.0 or s = 2.3 are produced by luminous QHBs with L γ 10 48 erg s −1 . Such luminous blazars should easily be identified by Fermi. In Table 3 we list the number of blazars that can be detected by Fermi with photon flux > 6×10 −9 cm −2 s −1 , corresponding to the limiting sensitivity for five years of observation with Fermi in the scanning mode -assuming the photon index 2.5 [42] . The flux limit is assumed to scale as the inverse square root of the observation time. We find that blazers with L X ≥ 10 44.345 erg s −1 have photon flux > 7 × 10 −9 cm −2 s −1 , so these blazars should be resolved by Fermi. Thus, if blazars are the main origin of the cumulative neutrino background, almost all the ∼ 1-100 PeV neutrinos may come from fewer than ∼ 80 blazars. If the diffuse neutrino intensity is mainly produced by radio-loud AGN, we predict a strong correlation between observed neutrino events and known bright QHBs. This is a clear and testable prediction of the inner jet model for the origin of diffuse neutrinos.
One may ask whether the γ rays that accompany neutrino production violate the intensity of the diffuse γ-ray background measured by Fermi [72] . Efficient photomeson production is expected for sufficiently high- energy protons, and the hadronically-induced γ rays produced at PeV energies are significantly broadened via electromagnetic cascades both inside and outside the source. Therefore, contrary to pp scenarios, the diffuse γ-ray flux from photohadronic interactions cannot greatly exceed the total neutrino background flux of E 2 ν Φ ν ∼ 3 × 10 −8 GeV cm −2 s −1 sr −1 . In comparison, the 100 GeV diffuse γ-ray background of E 2 γ Φ γ ∼ 10 −7 GeV cm −2 s −1 sr −1 , and the cumulative γ-ray intensity from all FSRQs resolved by Fermi is even larger [66] . Thus, only a small fraction of the extragalactic γ rays can be made by hadronic processes, which is consistent with the leptonic scenario of blazars, as considered here.
V. COMPARISON WITH OTHER ASTROPHYSICAL POSSIBILITIES AND SOME REMARKS
GRBs have also been extensively discussed as possible sources of PeV neutrinos, starting with the seminal paper by Waxman and Bahcall [17] . Prior to the completion of IceCube, analytical estimates [61, 73] as well as numerical studies that take into account multiple resonances, multipion production, and cooling of mesons and muons, were made both in the prompt (e.g., [60, 74] ) and afterglow [59, 75] phases. Based on stacking analyses, IceCube has recently put an interesting constraint on prompt neutrino emission, which is 10 −9 GeV cm −2 s −1 sr −1 [76] . But, as independently pointed out by several groups [77] , while the results of the earlier numerical studies [60, 74] are confirmed, it is not sufficient to rule out the hypothesis that UHECRs come from GRBs due to several caveats in the reference analytical model used in the analysis [76] . Nevertheless, the experimental limit itself is strong enough to argue that it is difficult for classical high-luminosity GRBs to explain the IceCube signal [4, 18] . On the other hand, different classes of GRBs, including low-luminosity GRBs and ultralong GRBs are allowed to explain the IceCube signal [21, 22] .
A variety of classes of AGN (e.g., [15, 79] ), GRBs, and peculiar supernovae have been proposed as candidate accelerators of CRs [80] . In addition to these compact CR accelerators, CR "reservoirs" containing different types of CR sources, could also be sources of high-energy neutrinos. CRs can be confined for very long times in starforming and starburst galaxies, and in galaxy clusters and groups, so these reservoirs can be neutrino and γ-ray sources via pp interactions. Interestingly, pre-IceCube models predicted a spectral break coming from CR diffusion, and they can explain the present IceCube data, given the astrophysical uncertainty [11, 12] . In addition, we point out that the number of starburst galaxies with AGN is comparable to that of starburst galaxies [81] . Thus, CRs escaping from AGN jets could efficiently interact with the interstellar medium, if the jets are dissipated in the galaxy or many of the CRs can escape transversely from the jets. Detailed studies focusing on starburst galaxies will be presented elsewhere. These pp scenarios can be tested by observations of sub-PeV neutrinos with IceCube, and the sub-TeV diffuse γ-ray background that is produced in concert with the neutrinos, as well as TeV γ-ray observations of individual sources [9] . Higher-energy neutrino detectors such as ARA and ARIANNA are more suitable for the purpose of detecting very high-energy ∼ 0.1-1 EeV neutrinos. As in the case of PeV neutrino discovery, the first detections may be observed as diffuse emission, where competing possibilities must be considered for their origin. Indeed, cosmogenic neutrinos give a diffuse neutrino intensity of ∼ 10 −9 -10 −7 GeV cm −2 s −1 sr −1 , depending on redshift evolution models and the UHECR composition [82] . It is also possible for on-source neutrino emission from blazars to dominate over cosmogenic neutrino signals, as Figs. 13 and 14 show. This is the case if radio-loud AGN are sources of UHECRs, and if the observed UHECRs are mainly heavy nuclei rather than protons. The cosmogenic neutrino intensity should in this case be comparable to the nucleus-survival bound [3] , which is much lower than the Waxman-Bahcall bound. An important issue is then how to discriminate among various possibilities. The inner jet model fortunately gives a strong prediction, given that the high-energy neutrino intensity, if from radio-loud AGN, is made primarily by only a few dozens of bright and luminous FSRQs. So, the origin of ∼ 0.1-1 EeV neutrinos can also be tested by correlating directional information of the high-energy neutrinos with luminous FSRQs in the Fermi catalog.
Besides radio-loud AGN, neutrinos formed in GRB afterglows can also be strong emitters of ∼ 0.1-1 EeV neutrinos [59, 75] , assuming UHECRs can be accelerated at the external forward and reverse shocks. In this case, the diffuse neutrino intensity can be ∼ 10 −9 GeV cm −2 s −1 sr −1 (see Fig. 12 in Ref. [59] ). This possibility can also be distinguished by stacking analyses, taking into account space and time coincidence with observed GRBs.
Finally, newborn pulsars may be possible sources of UHECRs, where ∼ 0.1 EeV neutrinos should be detected [78] . Since bright and luminous QHBs are important, the inner jet model can also be discriminated from such the newborn pulsar scenario.
VI. SUMMARY AND DISCUSSION
In this work, we studied high-energy neutrino production in the inner jets of radio-loud AGN, including effects of external photon fields. The diffuse neutrino intensity was obtained by characterizing the blazar SEDs assuming the validity of the blazar sequence. Our findings are summarized as follows:
(1) External radiation fields can play a major role in PeV-EeV neutrino production, so they should not be neglected. In particular, broadline emission is crucial for PeV neutrino production. The typical photomeson production efficiency in the BLR is ∼ 1-10%, independent of Γ and δt ′ , provided that the CRs are well above threshold and accelerated inside the BLR. Photohadronic losses with IR photons from the dust torus compete with acceleration to prevent acceleration of CRs to E ′ p
10
19 eV energies. Therefore luminous QHBs cannot be sources of UHECR protons due to severe photohadronic cooling. Photodisintegration interactions with IR photons deplete heavy nuclei, so that production and escape of UHECR nucleons is most likely to happen in low-luminosity blazars, such as HSP BL Lac objects [27] .
(2) In the blazar-sequence model, the main contribution to the cumulative neutrino background comes from luminous QHBs (mainly FSRQs) rather than BL Lac objects. Interactions of ∼ 100 PeV CRs with BLR radiation is unavoidable in models that assume acceleration of high-energy CRs in the inner jets of FSRQs. We find that the cumulative neutrino background from radio-loud AGN will be dominated by dozens of blazars. The clear prediction is that, if they are the main origin of the observed diffuse neutrino intensity at ∼ 1-100 PeV energies, neutrino events should be correlated with the most luminous FSRQs. Future correlation studies can test the possibility that radio-loud AGN are the main sources of the cumulative neutrino background.
(3) Implications of the inner jet model for the IceCube signal include the result that the neutrino spectra should have a cutoff around PeV, or they should be quite hard at sub-PeV energies. Because the inner jet model cannot explain the IceCube signal at sub-PeV energies, a different origin of sub-PeV neutrinos will be required if PeV neutrino events come from the inner jets of blazars.
(4) Thanks to IR emission from the dust torus and/or internal synchrotron emission from the jet, for powerlaw CR spectra, the resulting neutrino spectra are too hard above PeV energies, so they are disfavored by the IceCube data because of the larger neutrino-nucleon cross section at these energies. If the CR spectra are described by a power law, which is reasonable for the explanation of UHECRs, the CR spectral index should be steeper than 2.5, or have a maximum proton energy of 100 PeV.
(5) The diffuse neutrino intensity formed by blazars can be as high as E 2 ν Φ ν ∼ 10 −8 GeV cm −2 s −1 sr −1 . In the PeV neutrino case, the required CR loading factor is comparable to values found in GRB models that can explain the IceCube signal. This is because, even though the energy budget of AGN is much larger than that of GRBs, their typical effective pγ optical depth to PeV neutrino production is modest, ∼ 1-10%.
(6) Even if the IceCube signal does not come from the blazer inner jet, for reasonable CR loading factors (e.g., ξ cr = 3 for s = 2.0 or ξ cr = 100 for s = 2.3), the CR energy generation rate 10
19 eV can be comparable to the UHECR energy budget at that energy, which is intriguing. Then, our results suggest that future higherenergy neutrino detectors such as ARA and ARIANNA should provide a clue to testing the UHECR-AGN scenario by detecting or failing to detect ∼ 0.1-1 EeV neutrinos from radio-loud AGN. As in PeV neutrinos, if the cumulative neutrino background mainly comes from radio-loud AGN, the expected diffuse neutrino intensity at ∼ 0.1 EeV energies should be correlated with bright and luminous Fermi blazars.
Because of the limitations of the intensive numerical treatment, we considered only specific parameter sets for Γ and δt ′ . Although the neutrino production efficiency in the blazar zone suffers from large astrophysical uncertainty as in GRBs, it is less uncertain for neutrinos due to radiation fields rom the BLR and dust torus. A parallel treatment using a less accurate but faster semianalytic model [69] , which makes a parameter study feasible, confirms the conclusions found here. Finally, we note that hadronic γ rays necessarily accompany photohadronic reactions, as we already discussed. In contrast to hadronic models for blazar γ-ray emission [16] , we assumed the leptonic with only a weak or subdominant hadronic γ-ray component. This assumption can be verified by comparing neutrino luminosity with L γ in Figs. 2 and 9 . Nevertheless, the CR-induced γ-ray emission component can produce a distinctive emission signature in the GeV-TeV spectrum of blazars, and will be reported separately.
